Given our recent discovery that it is possible to separate human epidermal stem cells of the skin from their more committed progeny (i.e., transit-amplifying cells and early differentiating cells) using FACS techniques, we sought to determine the comparative tissue regeneration ability of these keratinocyte progenitors. We demonstrate that the ability to regenerate a fully stratified epidermis with appropriate spatial and temporal expression of differentiation markers in a short-term in vitro organotypic culture system is an intrinsic characteristic of both epidermal stem and transit-amplifying cells, although the stem cell fraction is most capable of achieving homeostasis. Early differentiating keratinocytes exhibited limited shortterm tissue regeneration under specific experimental conditions in this assay, although significant improvement was obtained by manipulating microenvironmental factors, that is, coculture with minimally passaged dermal cells or exogenous supply of the ECM protein laminin-10/11. Importantly, transplantation of all classes of keratinocyte progenitors into an in vivo setting demonstrated that tissue regeneration can be elicited from stem, transitamplifying, and early differentiating keratinocytes for up to 10 weeks. These data illustrate that significant proliferative and tissue-regenerative capacity resides not only in keratinocyte stem cells as expected, but also in their more committed progeny, including early differentiating cells.
sustained cell renewal can be attributed to long-lived epidermal stem cells, given the finite life span of the majority of proliferative basal epidermal cells (transitamplifying cells [TA cells]) and their rapid loss to terminal differentiation within a period of weeks (7) (8) (9) (10) (11) (12) (13) . It is well accepted that the extensive growth capacity exhibited by epidermal cells in culture can most likely be attributed to the activity of stem cells, given that the transplanted cells give rise to self-renewing epithelium over extended periods of time (14, 15) . The underlying assumption is that epithelial tissue regeneration is the hallmark of a stem cell and not its committed progeny in both short-term tissue reconstitution (16) and longterm tissue regeneration assays (14, 15) . Clearly, the development of methods to identify and assay epidermal stem cells and their progeny prospectively is essential to test these assumptions.
Initial studies to define cell-surface markers for epidermal stem cells led to the conclusion that basal keratinocytes expressing high levels of β 1 integrin were enriched for cells with high colony-forming efficiency in vitro and the ability to reform epithelial tissue in vivo (16, 17) . Subsequent work from a number of laboratories has demonstrated that, while the majority of basal epidermal cells express high levels of integrin (16, (18) (19) (20) , only a minor subset of these represent stem cells as defined by their ability to retain a 3 H-Tdr label
Introduction
The epidermis forms the outer protective layers of the skin and is a rapidly renewing tissue undergoing constant regeneration. This extensive capacity for cell renewal in vivo has also been observed in vitro, particularly when epidermal cells are cocultured with feeder cells (1) . Furthermore, dissociated specimens of skin and mucosa will regenerate an epithelium when transplanted onto suitable in vivo sites on histocompatible hosts (2) (3) (4) . In humans, autologous grafts of cultured human epidermal sheets are capable of rescuing patients with full-thickness burns covering up to 98% of their body surface and can be maintained for over a decade (5, 6) . While these studies demonstrate the immense regenerative capacity of keratinocytes, it is not clear which particular population of cells is responsible, given that much of this work uses mass cultures of epidermis. Extensive cell kinetic analyses of epithelial turnover in murine tissues suggests that, in vivo, Given our recent discovery that it is possible to separate human epidermal stem cells of the skin from their more committed progeny (i.e., transit-amplifying cells and early differentiating cells) using FACS techniques, we sought to determine the comparative tissue regeneration ability of these keratinocyte progenitors. We demonstrate that the ability to regenerate a fully stratified epidermis with appropriate spatial and temporal expression of differentiation markers in a short-term in vitro organotypic culture system is an intrinsic characteristic of both epidermal stem and transit-amplifying cells, although the stem cell fraction is most capable of achieving homeostasis. Early differentiating keratinocytes exhibited limited short-term tissue regeneration under specific experimental conditions in this assay, although significant improvement was obtained by manipulating microenvironmental factors, that is, coculture with minimally passaged dermal cells or exogenous supply of the ECM protein laminin-10/11. Importantly, transplantation of all classes of keratinocyte progenitors into an in vivo setting demonstrated that tissue regeneration can be elicited from stem, transit-amplifying, and early differentiating keratinocytes for up to 10 weeks. These data illustrate that significant proliferative and tissue-regenerative capacity resides not only in keratinocyte stem cells as expected, but also in their more committed progeny, including early differentiating cells. keratinocyte stem cells (KSCs) can be isolated prospectively from neonatal human and adult murine skin by FACS analysis based on their α 6 bri CD71 dim phenotype, and they represent approximately 4-7% of total basal cells. Other stem cell criteria exhibited by cells of the phenotype α 6 bri CD71 dim include small cell size (approximately 9 µm), blastlike morphology with a high nuclear-to-cytoplasmic ratio, quiescence as shown by cell-cycle analysis, and the greatest long-term proliferative capacity to regenerate keratinocytes in vitro (18, 22) . Taken together, these data demonstrate that the α 6 bri CD71 dim fraction is enriched for stem cells and are thought to represent the most well-characterized epidermal stem cell population described to date (26, 27) . Furthermore, the cell-surface phenotype of the progeny of KSCs, that is, TA cells and early differentiating cells, previously termed the postmitotic differentiating (PMD) fraction, which is based on nomenclature derived from morphological studies of murine epidermis (28, 29) , was defined as α 6 bri CD71 bri and α 6 dim , respectively. The α 6 bri CD71 bri TA population was characterized by its enrichment for actively cycling cells identified as pulse-labeled cells in murine skin, exhibiting lower long-term keratinocyte cell regeneration in vitro compared with the KSCs. The α 6 dim cells could be distinguished by their relatively poor long-term proliferative output and were inferred to be in the early stages of differentiation based on their expression of keratin 10 and involucrin (18) .
In this study we sought to assay the epidermal regenerative potential of the α 6 bri CD71 dim cells compared with their more committed progeny, given that an important characteristic of stem cells is their ability to regenerate their tissue of origin (30) . We used a wellcharacterized organotypic culture model system in which keratinocytes are cocultured with fibroblasts, the latter providing dermal factors essential for epidermal proliferation, differentiation, and morphogenesis (31) (32) (33) . This is an ideal model for determining the short-term epidermal regenerative potential of various fractions of basal keratinocytes since disaggregated populations of human keratinocytes can be assayed for their ability to regenerate a multilayered epidermis that closely resembles the normal tissue both morphologically and biochemically. We report here that, as expected, KSCs (α 6 bri CD71 dim ) had the greatest intrinsic capacity to regenerate a normal, multilayered epithelium. To our surprise, however, we could elicit this property from the progeny of stem cells, that is TA cells (α 6 bri CD71 bri ) and even the differentiating, keratin 10, and involucrin-positive α 6 dim cells, under the appropriate microenvironmental influences specifically cocultured with minimally passaged dermal cells and the ECM proteins laminin-10/11 (LN-10/11). Given that the organotypic culture model is short-lived and that tissue regeneration determined over 2 weeks could reasonably be considered a wound-healing response, we assayed longer-term tissue regeneration from fractionated keratinocytes following in vivo transplantation. Our results indicate that stem, TA, and early differentiating keratinocytes are all capable of prolonged tissue regeneration in vivo, revealing a greater capacity for cell renewal than predicted of the more committed progeny of stem cells.
Methods

Isolation of primary basal epidermal cells and dermal fibroblasts.
Primary basal keratinocytes were isolated from neonatal foreskins as described (18) . The dermal foreskin tissue was digested in 4 mg/ml dispase and 3 mg/ml of collagenase (Worthington Biochemical Corp., Lakewood, New Jersey, USA) in PBS at 37°C for 1.5 hours, and the resultant cell suspension was filtered through a 70-µm cell strainer (Becton Dickinson Co., Franklin Lakes, New Jersey, USA Immunofluorescence staining of primary keratinocytes and FACS. Basal keratinocytes were processed for α 6 -FITC and CD71-PE double staining along with appropriate negative controls and single-color positive controls to establish the compensation setting for FACS analysis as described previously (18, 19) . Cells were resuspended in culture medium at 2 × 10 6 to 3 × 10 6 /ml and sorted using the Becton Dickinson Immunocytometry Systems (San Jose, California, USA) FACStar plus . A small aliquot from each of the collected fractions was reanalyzed routinely for sort purity.
Organotypic cultures. Organotypic cultures were constructed using a previously established transwell system consisting of a collagen type I lattice populated with fibroblasts known as dermal equivalents (DEs), onto which the keratinocytes were seeded (35) . DEs were prepared by polymerizing 1 ml acellular bovine collagen type 1, followed by 3 ml of collagen matrix containing 2.5 × 10 4 passage 1 (p1) or p7 dermal fibroblasts per well on the insert. DEs were cultured submerged in DMEM-10 for 6 days prior to the addition of basal keratinocytes to allow gel contraction. Subsequently, 4.5 × 10 4 or 1 × 10 4 unfractionated (UF) cells, PMD cells, TA cells, or KSCs were seeded per collagen gel. Triplicate wells were set up for each fraction of keratinocytes. In experiments where LN-10/11 was used, the DEs were coated first with 50 µl of LN-10/11 (10 µg/ml; Life Technologies Inc.) for 30 minutes at 37°C and the keratinocytes resuspended in 10 µg/ml of LN-10/11 prior to seeding onto the DEs.
The organotypic cultures were maintained for 4 days in a 3:1 mix of DMEM and Ham's F12 with 0.3% FCS, 4 mM L-glutamine (Multicel; Trace Biosciences Pty Ltd), 0.4 µg/ml hydrocortisone, 5 µg/ml insulin, 5 µg/ml transferrin, 0.02 nM tri-iodothyronine, 180 µM adenine, 5.3 × 10 -11 M selenius acid, 50 µg/ml gentamycin, 1.88 mM CaCl 2 , and 2 × 10 -8 M progesterone (Sigma-Aldrich, St. Louis, Missouri, USA). The cultures were raised to the air-medium interface and cultured for another 2 weeks. For the first week, the culture medium was a 1:1 mix of DMEM and Ham's F12 with 2% FCS and supplements as described above. This medium was modified to lower the serum content to 1% FCS in the second week. Organotypic cultures were harvested at day 4 just prior to airlift and at day 14 after airlift and processed for both cryosections and paraffin embedding.
Immunostaining tissue sections. Cryosections (5 µm) were fixed for 30 minutes with a buffered formalin solution (2%) containing 0.1 M sodium cacodylate and sucrose (for immunolocalization of integrins) or for 10 minutes in a 4% formalin/PBS solution. The sections were blocked for 30 minutes in 3% normal goat serum in PBS with 0.05% Tween-20 before incubation with the primary Ab. For dual-color fluorescence, both primary Ab's were added at the same time and incubated at room temperature for 1 hour, and fluorochrome-conjugated secondary Ab was incubated for 1 hour. Nuclei were counterstained with 0.1 µg/ml of propidium iodide for 1 minute. All slides were mounted with VEC-TASHIELD (Vector Laboratories, Burlingame, California, USA) and viewed with an Olympus BX51.
In vitro proliferation assay. Twenty-four-well culture plates were coated with 2% BSA, human collagen IV (20 µg/ml; Sigma-Aldrich), or human placental LN-10/11 (5 µg/ml; Life Technologies Inc.) as described previously (36) . Primary α 6 dim and α 6 bri keratinocytes were separated by FACS and seeded at 5 × 10 3 cells/well in precoated wells in keratinocyte growth medium (KBM; Clonetics Corp., San Diego, California, USA) supplemented with 10 ng/ml EGF, 5 µg/ml insulin, 0.5 µg/ml hydrocortisone (Sigma-Aldrich), and 70 µg/ml bovine pituitary extract (Hammond Cell Tech, Windsor, California, USA).
Keratinocyte differentiation assay. Keratinocytes were seeded at 3 × 10 4 /well in triplicate uncoated wells (control) or wells precoated with 5 µg/ml LN-10/11 and cultured at 37°C for up to 6 days in KGM. On day 2 and 6, cells from triplicate wells were harvested by trypsinization, counted, and lysed in reducing buffer (0.125 M Tris-HCL, pH 6.8; 2.5% wt/vol SDS; 0.01% wt/vol bromophenol blue; 20% wt/vol glycerol; 0.72 M β-mercaptoethanol). Cell extracts (10 4 cells per sample) were resolved by SDS-PAGE on an 8% gel under reducing conditions, and Western blot analysis for involucrin was performed as described previously (19) .
Transplantation assay. Tracheas from 200-250 g Sprague-Dawley rats (purchased from The Institute of Medical and Veterinary Science, Adelaide, Australia), were trimmed and devitalized by three cycles of freezing and thawing (-70°C and 37°C) and then were stretched and secured onto microbore polytetrafluoroethylene tubing (Cole-Parmer Instrument Company, Vernon Hills, Illinois, USA), their ends sealed by LT200 Ligaclips (Ethicon Endo-Surgery, Cincinnati, Ohio, USA). KSCs, TA cells, or differentiating cells (10 4 ) were inoculated into each trachea, together with 5 × 10 5 lethally irradiated (15 Gy) cultured keratinocytes as support cells, through a small incision. The tracheas were resealed and implanted subcutaneously into 9-to 12-week-old SCID mice under anesthesia, and were harvested at 6 and 10 weeks after transplantation. Tracheas were processed for routine paraffin embedding and histology. Two replicates were performed for each time point and fraction per experiment.
Results
Epidermal regeneration from fractionated basal keratinocytes in organotypic cultures.
To determine the epidermal regenerative capacity of enriched KSCs (α 6 bri CD71 dim ), TA cells (α 6 bri CD71 bri ), and differentiating cells (α 6 dim ), primary cell preparations of neonatal foreskin keratinocytes were subjected to cell-surface immunostaining and FACS analysis as described previously (18) . Keratinocytes from each fraction (4.5 × 10 4 ) were placed directly into parallel organotypic cultures on DEs constructed with p7 fibroblasts derived from human neonatal foreskin in accord with published methods (35, 37) . Figure 1 shows representative results (n = 3) from histological and immunofluorescent analysis of organotypic cultures derived from KSCs, TA cells, and differentiating cells, as well as UF keratinocytes, which provided a positive control. UF primary keratinocytes gave rise to a multilayered epithelium (Figure 1a ) with an integrin-positive basal layer (Figure 1b) , suprabasal layers, and terminally differentiated cornified layers. In contrast, fractionated keratinocytes yielded characteristically distinct epithelial sheets predictive of their compartment of origin ( Figure 1, d, g, j) . The KSC fraction exhibited the most morphologically normal epidermis with a well-organized polarized basal layer and differentiating suprabasal layers (Figure 1d ). Interestingly, TA cells were also capable of regenerating a multilayered epidermis (Figure 1g) , and the sheets contained an integrin-positive basal layer (Figure 1h ) and differentiated suprabasal layers. This result is contrary to the dogma that only stem cells are capable of epithelial regeneration. In contrast, the α 6 dim keratinocytes predictably showed a limited capacity to regenerate epithelial tissue (Figure 1j ), as expected of a keratinocyte population shown to express keratin 10 and involucrin, with a relatively poor initial colony-forming efficiency in vitro (18, 19) . A less-distinct basal layer was generated by these cells with more diffuse expression of the α 6 integrin throughout the sheet (Figure 1k) , and fewer layers of epithelium were produced prior to terminal differentiation.
Tissue-regenerative ability of α 6 dim keratinocytes can be severely compromised by decreasing the keratinocyte cell number plated on p7 DEs. To further verify that the fractionated keratinocyte subpopulations (KSCs, TA cells, and differentiating cells) had distinct intrinsic tissue-regenerative properties, we tested the effects of decreasing the number of input keratinocytes to 10 4 per organotypic culture, using p7 dermal cells in the DE. We reasoned that this would make a greater demand for proliferation from the fractions being tested and that any intrinsic differences between these populations would be more evident. The data show that the UF, KSC, and TA fractions (Figure 1 , c, f, i) performed reasonably well, although the effect of plating fewer cells was evident in the overall decreased thickness of the epithelium. Under these conditions, the α 6 dim differentiating keratinocytes were clearly distinguishable from the KSC and TA fractions, exhibiting their inability to proliferate and regenerate epithelial tissue (Figure 1l) .
Epithelial regenerative capacity of α 6 dim differentiating keratinocytes can be modulated by using minimally cultured dermal cells in the DE. In the course of our experimentation, we sought to determine the epidermal regenerative ability of fractionated keratinocytes in conditions as close to the in vivo microenvironment as possible. Specifically, we chose to incorporate minimally cultured neonatal foreskin-derived dermal cells into the DEs (rather than p7) prior to seeding the fractionated keratinocytes. Figure 2 shows epithelial regeneration obtained from UF cells, KSCs, TA cells, keratinocytes (c, f, i , and l) plated on DEs containing p7 dermal fibroblasts, all harvested at 14 days. Note the relatively poor tissue-regenerative ability of the differentiating α 6 dim cells (j), which was further decreased by reducing the number of keratinocytes plated to 10 4 (l). Expression of α 6 integrin (b, e, h, and k) in the cultures corresponding to a, d, g, and j revealed that an integrin-positive basal layer (most polarized in the KSC sheet) was present in the epithelium generated from all fractions as well as total UF keratinocytes. Nuclei were counterstained with propidium iodide. Scale bars: 50 µm.
and differentiating cells in a typical organotypic experiment (n = 3) using p1 dermal cells in the DE. Histological analysis at 4 days (that is, at the end of the submerged culture period) revealed that while the UF cells, KSCs, and differentiating cells showed limited epithelialization at this early stage (Figure 2, a, c,  g ), the TA cells had already regenerated a comparatively thicker epithelium (Figure 2e ). Importantly, after the cells were cultured for 14 days at the air-liquid interface to allow differentiation and stratification, all fractions, including differentiating cells, were equally capable of regenerating a morphologically and histologically normal stratified epithelium of similar thickness (Figure 2, b, d, f, h ). This observation was surprising and contrary to our assumption that only stem cells would have the ability to regenerate their tissue of origin, while their progeny would be irreversibly committed to differentiation. These results were consistently observed in several replicate experiments (n = 3). Importantly, the differences in regenerative capacity of the α 6 dim differentiating keratinocytes were reproduced in experiments where cells from the same skin samples and cell-sorting procedure were placed simultaneously in organotypic cultures with either p7 or p1 dermal cells ( These data demonstrate that the KSC and TA fractions have an intrinsically high ability to regenerate epithelium in this assay, irrespective of the use of earlypassage (p1) or late-passage (p7) dermal cells in the DEs. In contrast, the tissue-regenerative capacity of α 6 dim keratinocytes could be significantly enhanced by coculture with early-passage dermal cells.
Epidermal stem cells establish the most "normal" epidermis in organotypic cultures. It is widely documented that K6 and K16 are not expressed by normal interfollicular epidermal cells. Their expression, however, can be induced in hyperproliferative conditions such as psoriasis (38, 39) and wound healing (40, 41) and in airlift (b, d, f, and h) . Note that the actively cycling TA cells had regenerated a thicker epithelium compared with the other fractions of keratinocytes by day 4 (e). By day 14, however, all fractions, including differentiating cells, had regenerated an epithelium of similar thickness and cellularity. Scale bar: 50 µm. (i-l) Coculture with minimally passaged dermal cells enhances the epidermal regenerative capacity of low numbers of differentiating α 6 dim basal keratinocytes. Here, 4.5 × 10 4 (i and j) or 10 4 α 6 dim cells (k and l) collected from a single FACS experiment were placed simultaneously in organotypic cultures consisting of either p7 DEs (i and k) or p1 DEs (j and l) and were harvested at day 14 after airlift. H&E-stained sections of these cultures show that while the tissue regeneration obtained from α 6 dim cells on the p7 DEs (i) can be compromised by decreasing the number of keratinocytes plated to 10 4 (k), this can be compensated for by coculture with p1 DEs (l). Inset: higher magnification of regenerated epidermis from differentiating cells shown in k. Scale bar: 50 µm.
organotypic cultures (42) , indicating that these keratins are markers of activated keratinocytes. In contrast, K15, normally expressed by basal keratinocytes in neonatal foreskin, becomes downregulated in psoriatic skin (42) and is lost in organotypic cultures (42) . Thus, the expression of K15 and K16 was determined in epithelial sheets generated from all fractions of keratinocytes as indicators of tissue homeostasis and activation, respectively. Abundant suprabasal K16 expression was observed in epithelial sheets generated with KSCs, TA cells, and differentiating cells cocultured with p1 DE, while K15 expression was undetectable (Figure 3, m-o) . Thus, these epithelial sheets contained keratinocytes in an activated state. These results are consistent with findings by Waseem et al. (42) , who also did not detect any expression of K15 in skin equivalents generated by human keratinocytes seeded on primary dermal fibroblasts.
In the presence of p7 DEs, the epithelial sheets derived from all keratinocyte fractions continued to express K16 in suprabasal cells, reflecting their activated state. Importantly, reexpression of K15 in the basal layer was observed ( Figure 3, p and q) . Notably, the KSC-derived epithelial sheet expressed K15 uniformly in the basal layer (Figure 3p) , as reported for neonatal foreskin tissue, while those derived from the TA fraction exhibited sporadic reexpression of K15 in the basal layer (Figure 3q) . Significantly, the differentiating cells did not express K15 (Figure 3r) . Thus, the trend toward establishing homeostasis (i.e., reexpression of K15) was exhibited to the greatest extent in KSCs and least extent in differentiating cells in the presence of p7 DEs. These data indicate that the α 6 bri CD71 dim stem cell population can be distinguished by its ability to return to a relatively homeostatic state compared with the TA and differentiating population under these conditions. This can be prevented, however, by coculture with early-passage dermal cells (which may secrete more or qualitatively different proproliferative factors than the p7 dermal cells), consistent with their ability to elicit greater proliferation from the α 6 dim differentiating keratinocytes. Poor tissue-regenerative ability of α 6 dim keratinocytes is correlated with the absence of the ECM protein LN-10/11 in organotypic cultures. We have shown recently that the ECM proteins LN-10/11 found in epidermal basement membranes is an important adhesive ligand for keratinocytes in vitro. Furthermore, adhesion to LN-10/11 stimulates the proliferation of cultured neonatal, adult, and transformed human keratinocytes in monolayer cultures (43) . Organotypic cultures from all fractions cocultured with p1 or p7 DEs were subjected to immunofluorescent staining for the two best-studied laminin isoforms in skin, that is, LN-5 (α3 chain) and LN-10/11 (α5 chain). LN-10/11 was detected in the dermal-epidermal junction of epithelial sheets derived from all populations exhibiting good epithelial regenerative ability, that is UF, KSC, and TA fractions cocultured with p1 (data not shown) or p7 DE (Figure 4, b, d , f) and α 6 dim differentiating keratinocytes cocultured with p1 DE (Figure 4j ). Interestingly, LN-10/11 was absent under conditions where poor epithelial regeneration was observed (i.e., α 6 dim cells cocultured with p7 DEs; Figure 4h ). Notably, LN-5 was present in all epithelial sheets, regardless of the keratinocyte fractions or dermal cells included (Figure 4, a, c, e, g, i) , showing no correlation with tissue-regenerative ability.
LN-10/11 promotes the proliferation of α 6 dim keratinocytes and delays differentiation. In view of our recent observations that LN-10/11 promotes the proliferation of cultured keratinocytes (43), we examined whether this was also the case for primary keratinocytes, particularly the α 6 dim differentiating fraction. Primary keratinocytes fractionated into α 6 bri (consisting of KSCs and TA cells) and α 6 dim (differentiating) keratinocytes were plated on control-coated (BSA), collagen IV-coated, or LN-10/11-coated wells and cultured in complete medium for 12 days. Consistent with what was shown in our previously published work (18), the α 6 bri cells clearly demonstrated greater growth potential than the α 6 dim keratinocytes ( Figure 5 , a and b; BSA wells). The proliferation of α 6 bri cells was clearly enhanced by plating on either collagen IV or LN-10/11 ( Figure 5a ). The α 6 dim fraction was also stimulated to proliferate better on these ECMs, although LN-10/11 recruited more keratinocytes into proliferation compared with collagen IV (Figure 5b ). Daily microscopic analysis of both fractions of cells plated on LN-10/11 revealed that greater numbers of cells adhered and initiated keratinocyte colonies on this substrate compared with BSA controls, although it was difficult to obtain quantitative data on clonal expansion of these colonies on LN-10/11 due to their tendency to migrate on this substrate, as previously reported by us for cultured keratinocytes (43) . We further observed that keratinocyte differentiation can be delayed by plating cells on a LN-10/11 substrate, as determined by the levels of involucrin expression determined by Western blot analysis. Thus, keratinocytes plated on LN-10/11 expressed about sevenfold lower levels of involucrin at day 2 (and about twofold lower levels on day 6) after seeding compared with controls ( Figure 5c ; n = 2). Although differentiation was not inhibited, it appeared to be delayed because cells continued to proliferate. These data suggested that the absence of LN-10/11 in organotypic cultures of α 6 dim cells containing p7 DEs (Figure 4h ) may indeed be a limiting factor affecting their tissue-regenerative capacity.
Figure 4
Expression of LN-10/11 but not LN-5 correlates with the increased ability of differentiating keratinocytes to regenerate epithelium. Organotypic cultures (day 14) generated by 4.5 × 10 4 UF keratinocytes (a and b), KSCs (c and d), TA keratinocytes (e and f), and differentiating keratinocytes (g and h) seeded on p7 DEs (a-h) or p1 DEs (i and j) stained for LN-5 α3 chain (FITC: a, c, e, g, and i ) and LN-10/11 α5 chain (FITC: b, d, f, h, and j) . Nuclei were counterstained with propidium iodide. LN-5 expression was detected in all cultures regardless of the extent of tissue regeneration (a, c, e, g, and  i) ; in contrast, LN-10/11 expression was observed in all cases where good tissue regeneration was obtained (b, d, f, and j) , but was absent from cultures of α 6 dim cells on p7 DE (h), which exhibited limited tissue regeneration. Scale bar: 50 µm.
Exogenous LN-10/11 restores the poor tissue-regenerative ability of α 6 dim cells cocultured on p7 DEs in organotypic cultures. To test the direct role of LN-10/11 in regulating epithelial tissue regeneration, organotypic cultures of α 6 dim keratinocytes were established with p7 DEs previously shown to perform poorly ( Figure 1, j and l) with the addition of exogenous LN-10/11. Specifically, the collagen gels were coated with 10 µg/ml of LN-10/11 prior to seeding epidermal cells, and the keratinocytes were resuspended in LN-10/11 before being placed into the organotypic cultures. Predictably, in the absence of exogenous LN-10/11, the α 6 bri fraction (consisting of KSCs and TA cells) exhibited an excellent intrinsic capacity for tissue regeneration as expected (Figure 5d ; positive control), although an improvement was evident in the presence of LN-10/11 (Figure 5e ). The comparatively poor regenerative capacity of α 6 dim cells (Figure 5f ) was significantly improved by the addition of exogenous LN-10/11, resulting in the production of a multilayered epithelium (Figure 5g ). These data were reproduced in two independent experiments and demonstrate that LN-10/11 is an important regulator of epithelial tissue regeneration, capable of returning keratinocytes to a proliferative state despite the initiation of terminal differentiation.
Epidermal regeneration from fractionated basal keratinocytes in vivo following transplantation. Given that the organotypic culture model is a short-term assay for tissue regeneration, we sought to determine the longterm tissue-regenerative ability of KSCs, TA cells, and differentiating cells. It has been demonstrated previously that in vivo transplantation of epidermal cells improves the growth and differentiation of these cells and results in sustained engraftment for periods of up to a year (14) , suggesting that additional factors absent from the in vitro model are provided by the in vivo environment. We have optimized an in vivo transplantation model originally developed by Terzaghi et al. (44) and used recently for propagating murine epidermis (45) , which permits us to assay long-term tissue regeneration derived from small numbers of FACS-isolated primary epidermal cells. Thus, 10 4 freshly isolated human KSCs, TA cells, or differentiating cells (together with 5 × 10 5 cultured keratinocytes that had been lethally irradiated with 15 Gy) were inoculated into de-epithelialized rat tracheas (achieved by repeated cycles of freezing and thawing), and their ability to cover the tracheal lumen with a multilayered epithelium was determined histologically for up to 10 weeks following subcutaneous transplantation into SCID mice. Histological analysis of transverse sections of tracheas inoculated with primary KSCs (Figure 6, a, d, g, j) , TA cells ( Figure 6 , b, e, h, k), or differentiating cells (Figure 6, c, f, i, l) analyzed at 6 and 10 weeks after transplantation revealed that all three fractions were capable of re-epithelializing the lumen with a morphologically normal epidermis that maintained itself while giving rise to mature differentiated cells (cornified cells) over the time period analyzed. Although a thicker epithelium was obtained from all fractions at 6 weeks compared with 10 weeks, no significant differences were observed between the KSC, TA, and differentiating cell derived epithelial sheets at the time points analyzed after transplantation. Importantly, no epithelialization was observed when transplanted tracheas were not inoculated (i.e., no keratinocytes; Figure 6m ) or inoculated
Figure 5
LN-10/11 is a potent proliferative substrate for α 6 dim differentiating keratinocytes, delays terminal differentiation in vitro, and promotes epidermal tissue regeneration, particularly from α 6 dim cells. Keratinocyte cultures derived from α 6 bri (a) and α 6 dim (b) fractions stained for keratins (AE1/AE3) after 12 days in culture plated on BSA-coated (2% wt/vol), human collagen IV-coated (Coll-IV; 20 µg/ml), or human LN-10/11-coated (5 µg/ml) wells. While α 6 bri cells were stimulated to grow on both collagen IV and LN-10/11, the poor proliferative capacity of α 6 dim cells was significantly improved on a LN-10/11 substrate (b). Western blot analysis showing decreased involucrin expression (c) in UF cultured keratinocytes seeded on LN-10/11 (LN; 5 µg/ml) compared with controls (on plastic; P) at day 2 and day 6 following plating. Equivalent numbers of keratinocytes (10 4 ) were loaded per lane. (d-g) Organotypic cultures (day 14) of 10 4 α 6 bri (d and e) and α 6 dim (f and g) keratinocytes cultured either on p7 DEs alone (d and f) or on p7 DE with exogenous LN-10/11 (e and g). H&E-stained sections show that the exogenous supply of LN-10/11 known to be absent in α 6 dim cocultures on p7 DEs (f) enhanced the epithelial regeneration ability of these cells significantly (g). Greater epidermal regeneration was also evident with α 6 bri cells with the inclusion of LN-10/11 (e), although the effects on α 6 dim cells are more dramatic. Scale bar: 50 µm.
with the irradiated keratinocytes alone for 6 weeks (Figure 6n ) or 10 weeks (Figure 6o ). These data demonstrate that prolonged tissue regeneration is not an exclusive property of the epidermal stem cell population, but rather can be exhibited by TA cells and early differentiating cells of the epidermis when transplanted into an in vivo setting.
Discussion
The most important functional definition of any stem cell population is the ability to regenerate its tissue of origin. We therefore set out to determine whether the α 6 bri CD71 dim human KSC population, known to exhibit many other important stem cell properties (18, 22) , could be distinguished from their progeny (i.e., α 6 bri CD71 bri TA cells and α 6 dim differentiating cells), initially in an in vitro tissue regeneration assay. Our results demonstrated that epidermal tissue regeneration is dictated by (a) the stage of maturation of the keratinocytes being assayed and (b) the dermal and ECM microenvironment in which these cells are placed. Predictably, the α 6 bri CD71 dim stem cell fraction possessed the greatest intrinsic tissue-regenerative capacity. This was most clearly demonstrated when all fractions were cocultured with p7 DEs -the KSC fraction regenerated a relatively normal epithelial sheet morphologically and biochemically with a polarized basal layer and uniform expression of K15, indicating a trend toward homeostatic epidermal cell renewal. Contrary to current dogma, however, the α 6 bri CD71 bri TA population also exhibited as yet unprecedented and impressive epithelialization under all conditions tested. Notably, the TA fraction was distinguished from KSCs and differentiating cells in its ability to regenerate a multilayered epithelial sheet as early as 4 days after placement into organotypic cultures, suggesting that this subpopulation of basal cells is the first to proliferate in response to an epithelial wound in vivo, a logical consequence of their actively cycling state in the tissue. The recruitment of the relatively quiescent stem cell and differentiating populations occurred at a slower rate, presumably reflecting the time required for these cells to reenter the cell cycle. Ultimately, however, all fractions were capable of regenerating a comparable epithelium when cocultured with p1 DEs. Notably, the absence of LN-10/11 was a limiting factor restricting the tissue-regenerative capacity of α 6 dim cells; importantly, coculture with p1 dermal cells or exogenous supply of this basement membrane protein restored the ability of these committed keratinocytes to regenerate epithelial tissue in this short-term tissue regeneration assay. We concluded that organotypic cultures do not provide an appropriate model system that allows distinction between a transient wound-healing response and sustained tissue regeneration, the latter being a hallmark of stem cells. We therefore tested the KSCs and their progeny exhibit equivalent longterm epidermal tissue-regenerative capability in vivo. Transverse histological sections of rat trachea lumens lined with epithelial sheets derived from 10 4 human foreskin KSCs (a, d, g, and j), TA cells (b, e, h, and k), and differentiating cells (c, f, i, l) harvested at 6 weeks (a-f) and 10 weeks (g-l) after transplantation. All fractions were cotransplanted with 5 × 10 5 cultured keratinocytes that had received 15 Gy irradiation. For negative control transplants, uninoculated trachea at 6 weeks (m) and 5 × 10 5 irradiated keratinocytes alone at 6 weeks (n) and 10 weeks (o) after transplant did not yield epithelialization. ×10 magnification (a-c, g-i, and m-o) ; ×40 magnification (d-f and j-l). Scale bar: 100 µm. C, cartilage; L, rat trachea lumen, E, epithelial.
long-term tissue-regenerative capacity of KSCs, TA cells, and D cells in an in vivo setting and observed that all fractions continued to produce epithelial sheets and accumulate cornified layers within the trachea lumen over a 10-week period ( Figure 6) . These data clearly demonstrate, we believe for the first time, that extensive proliferative and tissue-regenerative capacity is not an exclusive property restricted to epidermal stem cells, as assumed by many investigators to date, but rather this result can also be obtained from the progeny of the stem cell population. The notion that the ability to regenerate functionally normal tissue is an exclusive property of stem cells is a general assumption in the stem cell biology field and requires reevaluation in the context of the experimental conditions under which tissue regeneration is assayed (i.e., the microenvironment in which cells are placed). Clearly, transplantation of cells into an in vivo environment overcomes the suboptimal conditions or absence of specific growth factors and/or ECM proteins prevalent in in vitro model systems. Our data also call into question the notion that ex vivo cultivation of unfractionated neonatal keratinocytes is solely attributed to the stem cell population and the validity of any in vitro or in vivo epidermal cell assays that purport to measure stem cell activity based on short-term (2-week) colony formation or epidermal tissue regeneration (16, 17) . A reevaluation of apparent stem cell markers thought to identify candidate stem cell populations based on these assays is warranted in the light of our findings. Whether keratinocyte progenitors from adult human or rodent epithelia retain properties similar to those reported here for neonatal human keratinocytes remains to be determined, however.
Specific microenvironmental factors that have a role in regulating the growth and development of keratinocyte progenitors remain poorly defined. Our analysis of the α 6 dim fraction revealed that LN-10/11 is a critical component of the inductive microenvironment of keratinocytes, with an important role in promoting epithelial tissue-regenerative capacity, and that detachment from LN-10/11 in the basement membrane is likely to be a key factor in promoting keratinocyte differentiation. Our results indicate that tissue regeneration from all classes of basal keratinocytes may be enhanced when exposed to LN-10/11 in vitro. This observation has strong implications for the ex vivo expansion of keratinocyte progenitors for cellular therapies requiring large numbers of epidermal cells in the treatment of severe wounds, such as extensive burns.
Taken together, our results suggest that commitment to differentiation in vivo in neonatal skin is not an irreversible process and that the specific interactions of subpopulations of keratinocytes with their microenvironment leads to withdrawal from proliferation, detachment from the basement membrane, and progressive differentiation. Collectively, these data demonstrate that ex vivo manipulation of TA and differentiating cells results in their activation such that they demonstrate significant cell and tissue-regenerative capacity, despite the fact that they are destined to differentiate terminally if left unperturbed in vivo. We speculate that consistent with the spiral model of "stem-ness" proposed by Potten (46) , whereby stem cell properties are lost gradually through successive rounds of division (as is the acquisition of irreversible commitment to differentiation), the more committed progeny of epidermal stem cells, including the early differentiating keratinocytes, retain proliferative potential that can be activated upon wounding, rather like the ability of mature lymphocytes to proliferate upon activation by appropriate stimuli. This feature of basal keratinocytes of the skin is entirely consistent with the overall physiological function of the epidermis to provide barrier function for the organism and most likely reflects unique compensatory mechanisms underlying cell renewal in the skin, such that damage to the stem cell population does not result in loss of epidermal tissue. These studies have strong implications for cellular therapies thought to require the targeting of epidermal stem cells for ex vivo expansion or gene therapy; clearly, circulating factors provided by the host are capable of promoting epidermal proliferation from all basal keratinocyte populations, removing the need for stem cell selection for clinical applications. In view of recent reports in the literature demonstrating the considerable plasticity exhibited by tissue-specific stem cells in their differentiation capacity when placed in the appropriate microenvironment in vivo, it may be possible to harness the vast proliferative potential of readily available and accessible keratinocyte progenitors of the skin for cellular therapies for other tissues (47, 48) .
